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1 Introduction
Climate change impacts, such as floods and droughts, are a great threat to people
living in South-Asia. Rainfall related to the monsoon circulation is essential for
people in this region, because it is the main source of fresh water. One of the major
questions is how the monsoon circulation would be impacted by climate change.
The understanding of the effects of increased amount of particulate pollution in the
atmosphere is still fairly low (IPCC, 2013).
Aerosols can impact climate, and therefore the monsoon, through two main path-
ways: through the direct effect, where the particles directly impact the incoming
solar radiation when suspended in the atmosphere; and through the indirect ef-
fect, where the particles modify cloud formation processes (Lau et al., 2010). By
scattering solar radiation, aerosol particles can cause cooling of the surface, which
consequently causes the weakening of the latitudinal temperature gradient and the
monsoon circulation, and thus decrease rainfall (Ramanathan et al., 2005). On the
other hand, absorbing aerosols can heat the upper troposphere causing an "elevated
heat pump" effect and hence increase the rising motion and thereby increase rainfall
(Lau et al., 2006).
The interaction between atmospheric aerosols and the monsoon circulation has
been studied with numerical models. The studies suggest that increasing anthro-
pogenic aerosol particles cause a weakening of the Indian summer monsoon circu-
lation and therefore drying over northern India (Bollasina et al., 2011), enhanced
precipitation during the premonsoon and reduced precipitation during the active
monsoon season (Meehl et al., 2008; Gautam et al., 2009; Henriksson et al., 2014).
Henriksson et al., 2014 stated that the total aerosol effect for northern India is nega-
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tive during June-August and positive during March-May. Nevertheless, the potential
connections between aerosol properties and meteorological parameters in the tropics
have not been widely studied with in-situ measurements. In this study the aim is
to use in-situ measurements to analyse the correlations between the properties of
atmospheric aerosols and meteorological parameters in the Maldives.
4
2 Meteorology
The measurements of this study were made at the Maldives Climate Observa-
tory of Hanimaadhoo (6.78oN, 73.18oE). Hanimaadhoo is one of the islands in the
Thiladhummathi Atoll in the north of the Maldives. The island is located near the
west side of the southern tip of India (see Fig. 1), and the measurement site is in
the northern tip of Hanimaadhoo. The terrain is flat and the elevation above sea
level is very low everywhere in the Maldives.
The location is unique and representative as a background site for measuring the
Figure 1. Location of the Maldives Climate Observatory at Hanimaadhoo (MCOH) (Bosch et al., 2014). The colours
indicate average aerosol optical depth measured from 23 February to 31 March 2012. The coloured arrows show the
calculated predominant back trajectories. As we can see there are many possible sources for the aerosol particles:
southern Bay of Bengal (yellow), Indo-Gangetic Plain and Bay of Bengal (green), South India (red) and Arabian
Sea (blue) (Bosch et al., 2014). MCOH is a special site for measuring the properties of aerosols, because during
different seasons it experiences either anthropogenic aerosols from the South Asian continent or natural aerosols
from the Indian Ocean.
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(a) (b)
Figure 2. The wind patterns during different seasons. When the monsoon season (a) is active the winds are blowing
from southwest bringing marine air with natural aerosols over the Indian Ocean. During the dry season (b) the
winds are blowing from northeast bringing polluted air with anthropogenic aerosols over the Indian subcontinent.
pollution coming from the Indian subcontinent. During different seasons the site
may measure polluted air transported from South Asia, Middle East and Africa or
marine air from Indian Ocean (MCOH flyer). By understanding the properties of
anthropogenic and natural aerosols we can investigate the interactions of aerosols
with clouds, monsoon systems and other weather phenomena in the tropics.
2.1 Monsoon
The tropical monsoon is driven by the different thermal properties of the land and
sea surfaces (Holton and Hakim, 2012). The ocean surface has a higher heat ca-
pacity than the soil layer with the result that incoming solar radiation increases the
temperature of the land surface much more than the ocean surface during summer
months. The higher temperatures over land cause enhanced cumulus convection
and latent heat release. This results in warm temperatures through the entire tro-
posphere (Holton and Hakim, 2012) and thus to a pressure gradient force directed
from the continent to the ocean in the upper troposphere. The divergent flow field
in the upper troposphere leads to a convergent flow field at the surface developing a
surface low (also termed a thermal low). During winter months, when the heating
effect of the incoming solar radiation over land is weaker, the circulation changes
direction because of the warmer ocean surface and colder land surface.
The climate in the Maldives is dominated by the Indian monsoon. During the
6
Figure 3. Definition of the Indian summer monsoon index in Wang and Fan (1999). The index is defined as the
difference between the winds on the 850 hPa pressure level averaged within a box bounded by 40E-80E, 5N-15N,
and a box bounded by 70E-90E, 20N-30N, i.e. U850(1)-U850(2).
monsoon season, the prevailing wind direction is from the Indian ocean bringing
moist marine air to the continent (Fig. 2a) and weather is more cloudy and rainy
over land. During the dry season the air is coming over Indian subcontinent (Fig.
2b) bringing dry, polluted air, and weather is dry and sunny over land.
The ongoing season can be identified by a monsoon index. There are a number of
different indices and different ways to define them. In this study we used the Wang
and Fan index (Wang and Fan, 1999). The index is calculated from the difference
between the wind vectors on the 850 hPa pressure level averaged within 2 regions
(see Fig. 3). A positive index indicates an active monsoon. Figure 4a shows the
monsoon index calculated for 2005-2013. The positive index values (active monsoon)
are coloured in red and the negative values in blue. The figure shows that there is
variation in the monsoon season from year to year.
2.2 Madden-Julian Oscillation
The tropics also experience an intraseasonal oscillation, which occurs with a cycle of
30 to 60 days; known as the Madden-Julian Oscillation (MJO) (Madden and Julian,
1971; Holton and Hakim, 2012). MJO is a surface low-pressure anomaly moving
7
(a)
(b)
(c)
Figure 4. Time series of the monsoon index (a), MJO index (b) and rainfall (c) during 2005-2013. (a) Red denotes
a positive monsoon index indicating an active monsoon, blue a negative monsoon index and inactive monsoon. (b)
Red denotes MJO index values greater than 1 indicating an active MJO, blue denotes MJO index values below 1
indicating an inactive period. (c) shows the daily rainfall accummulation (in mm) measured at MCOH.
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eastward along the equator. This anomaly can be identified from an increased
tropopause height and warming of the troposphere, enhanced boundary layer mois-
ture convergence and increased convection (Holton and Hakim, 2012). The MJO
has its maximum over the western Pacific.
As for the monsoon, an index can be used to describe the phase of the MJO.
The index is based on the weather features that the MJO is known to be responsible
for (Wheeler and Hendon, 2004), but these features need to be separated from daily
observations. The definition of the MJO index uses outgoing longwave radiation
and zonal winds in the upper and lower troposphere. When combining the fields of
the above-mentioned variables, a pair of empirical orthogonal functions (EOFs) is
obtained. The daily observed data, with the annual cycle and interannual variability
removed, is then projected onto the EOFs to obtain a principal component (PC) time
series. The PC time series vary mostly on the same time scale as the MJO. The
MJO index is formed from the pair of PC time series, termed Real-time Multivariate
MJO series 1 (RMM1) and 2 (RMM2) (Wheeler and Hendon, 2004). The MJO is
regarded as active when the amplitude, consisting of RMM1 and RMM2, is greater
than 1.
Figure 4b presents the MJO index for 2005-2013. Index values greater than 1
are coloured in red and indicate an active MJO. Index values below 1 are coloured
in blue. It can be seen that the length of the cycle changes continuously and the
amplitude is highly variable. Figure 4c shows the daily rainfall in millimeters mea-
sured at MCOH during 2005-2013, and it is clear that there is significant variation
in annual precipitation from year to year. Also clear is that precipitation responds
to both the monsoon and the MJO; in 2012-2013, for example, there is precipitation
during the dry period as the MJO is particularly active.
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3 Aerosols
An aerosol is defined as solid particles or liquid droplets suspended in a gas. At-
mospheric aerosols impact air quality and public health (Jayne et al., 2000), and also
play an important role in climate change because they affect the energy budget of
the Earth via interaction with radiation (IPCC, 2013). There are at least two differ-
ent ways in which the aerosol particles affect the incoming solar radiation: through
direct effects, where the particles scatter and absorb the radiation; and through indi-
rect effects, where the aerosol particles affect the formation and properties of clouds
and thus impact the incoming solar radiation. Due to above-mentioned reasons it
is important to measure the properties of the aerosols.
3.1 Properties
Aerosol particles have different kinds of properties: physical, chemical and optical.
These properties depend on many aspects, for example on the source and the age of
the air mass. One of the physical properties is concentration which can be described
several ways as number, mass, surface area or volume concentration. Another phys-
ical property is size distribution, which will be discussed more in chapter 3.3. The
chemical properties of the particles vary with location, source, time and weather
conditions (Kaufman et al., 2002; Hinds, 2011). The chemical composition of the
aerosol particle has an effect on the particle optical properties, for example on ab-
sorption (Spencer et al., 2008). Other optical properties of the aerosol particles are
aerosol optical depth (AOD) and scattering coefficient (Ganguly et al., 2006). The
AOD describes the impact of the total amount of aerosol particles in an air column.
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It is based on the difference between the solar radiation at the top of the atmosphere
and the solar radiation at the surface.
The aerosol particles can be called primary or secondary particles depending on
the source. The primary aerosol particles are directly merged in the atmosphere from
the source whereas the secondary aerosol particles are formed in the atmosphere by
nucleation of gas molecules (Kulkarni et al., 2011).
Aerosol particles can travel long distances. During this transport the chemical
composition and other properties of the particles can change. There are different
processes that can affect the composition of the aerosol particles (Merrill et al.,
1989), and these are discussed in chapter 3.2.
3.2 Processes
Aerosol properties can be modified by a number of processes: nucleation, conden-
sation, coagulation, deposition and resuspension. There are two types of nucle-
ation: homogeneous and heterogeneous. In homogeneous nucleation the droplets
are formed directly from gases without a condensation nuclei (Hinds, 2011). The
process requires large saturation ratios of vapors in the atmosphere, so it rarely
happens in nature. In the more common process, heterogeneous nucleation, gas
molecules condense on an pre-existing surface.
Typical aerosol growth processes are condensation and coagulation. In conden-
sation, vapor molecules condense on the surface of the aerosol droplet. The particle
size and saturation ratio affect the growth rate (Hinds, 2011). In coagulation, aerosol
particles collide with each other to form new larger particles. There are two types of
coagulation: thermal coagulation, where the collisions are caused by Brownian mo-
tion, and kinematic coagulation, where the collisions are caused by external forces
(Hinds, 2011). Coagulation causes the average particle size to increase and the
aerosol number concentration to decrease.
Deposition is a process where the aerosols deposit on a solid surface. The mech-
anisms of deposition are wet and dry deposition. In wet deposition the aerosols are
washed out of the atmosphere by rainfall. In dry deposition the aerosols are removed
from the atmosphere by air moving over a surface (Wesely and Hicks, 2000). For
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larger particles, gravitational forces can also help the deposition.
Resuspension is a process where particles are removed from a surface to the
atmosphere (Ziskind et al., 1995). An adhesion force, which consists of mechanical
stresses, physical attractions and chemical bonds, is acting on an aerosol particle
when settled on a surface. Resuspension can happen when hydrodynamic forces are
stronger than the adhesion force, for example during strong winds.
3.3 Size Distribution
Aerosol particle size is a critical parameter. The effects of the aerosol particles
on health, climate and visibility as well as their processes depend on the size of
the particles (Walter, 2011). Therefore it is important to measure the particle size
distribution.
Aerosol particle size ranges from around 1 nanometer to several hundreds of
micrometers. Particles with diameters less than 2 µm are termed fine particles,
particles with diameters larger than 2 µm are termed coarse particles (Whitby,
1978). A group of aerosol particles with the same size is said to be monodisperse
and with several sizes polydisperse (Walter, 2011). The size distribution of aerosol
particles changes because of different microscale mechanisms such as condensational
growth and coagulation (Hoppel et al., 1990; Jayaraman et al., 1998). In-cloud
processing during particle transport also has an effect on particle sizes.
An aerosol size distribution usually contains contributors from many sources;
the identification of different modes in the size distribution of the aerosol particles
(see figure 5) helps to resolve the origin and the physical properties of the aerosols
(Willeke and Whitby, 1975). There are four different modes that can be named: nu-
cleation mode, Aitken mode, accumulation mode and coarse mode. The nucleation
mode and the Aitken mode include the smallest newly-formed atmospheric aerosol
particles that are mainly generated by secondary processes, and the accumulation
mode consists mainly of particles that have aged. The coarse mode includes parti-
cles produced in mechanical processes, for example windblown dusts and sea sprays
(Willeke and Whitby, 1975).
Aerosol particles in the nucleation mode have a very short lifetime in the at-
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Figure 5. Different modes in an aerosol particle size distribution (EPA, 2004). On the y-axis is the volume
concentration of the particles ∆V/∆ logDp (µm3 cm−3) and on the x-axis is the particle diameter Dp (µm). The
nucleation mode is in the size range 0.003− 0.025 µm, Aitken mode in the size range 0.025− 0.1 µm, accumulation
mode in the size range 0.1− 2 µm and coarse mode contains sizes > 2 µm. The aerosol particles in the nucleation
mode are formed by nucleation of vapor molecules. The particles in the Aitken mode are formed via nucleation or
condensation of vapor molecules, and the particles in the accumulation mode via condensation of vapor molecules.
The aerosol particles in the coarse mode are formed mechanically. The nucleation mode particles can grow by
coagulation to Aitken mode sizes and further to accumulation mode sizes.
mosphere, about a couple of hours, so they can be observed only close to the place
where the aerosol particles are formed. The aerosols grow by condensation and coag-
ulation to the accumulation mode sizes, and the aerosols in this size range have the
longest lifetime, about several weeks, in the atmosphere. The coarse mode aerosol
particles tend to deposit because of their large size and consequently large mass, so
their lifetime is also shorter than the lifetime of the particles in the accumulation
mode size range.
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4 Methods
4.1 Instrumentation
In this section we introduce the instruments used to obtain the measurements. An
Aerodynamic Particle Sizer was used to measure large particles (section 4.1), and a
Differential Mobility Particles Sizer and Scanning Mobility Particle Sizer were used
to measure fine particles (section 4.2). These instruments measure aerosol particles
close to the surface. Sun photometry, which is discussed in section 4.3, was used to
obtain information on the particles in a total air column above the site.
4.1.1 Aerodynamic Particle Sizer
The aerodynamic diameter of a particle is defined as the diameter of a spherical
particle with a density of 1000 kg m−3 which has the same settling velocity as the
particle in question (Heitbrink et al., 1991). If initial conditions are the same,
particles with the same aerodynamic diameter will follow the same air trajectory
(Ananth and Wilson, 1988). The Aerodynamic Particle Sizer (APS) measures the
aerodynamic diameter of an aerosol particle based on the particle velocity relative
to the air velocity (Baron et al., 2011). When assuming spherical particles, the
geometric diameter of a particle can be calculated from
dp = da(
ρ0
ρp
) 12 , (1)
where da is the aerodynamic diameter of the particle, ρ0 is unit density 1000 kg m−3
and ρp is the density of the particle (Baron et al., 2011). The instrument mea-
14
sures particles of diameters between 0.5 − 20 micrometers. The time resolution of
measurements can be chosen by the use; for this study 5 minutes was selected.
Figure 6 displays how aerosol flows through the instrument. First, the airflow is
accelerated through a nozzle, passed through a laser velocimeter and then brought
to the inlet at a flow rate of 5 l min−1 (Baron, 1986), where 4 l min−1 is directed
through a filter and thus cleaned from particles. The remaining 1 l min−1 is directed
to the inner tube and accelerated by the inner nozzle (Baron et al., 2011). The
aerosol flow and cleaned sheath flow are then combined and directed through an
outer acceleration nozzle, and then to the detection region. In the detection region
the flow is directed through two laser beams, and the light scattered by particles is
being detected by a photodetector. The transit time of particles between the beams
is measured with a clock having a resolution of 2 nanoseconds (Ananth and Wilson,
1988). Measuring the time between two laser pulses gives the time-of-flight (Baron
et al., 2011). The particle size is determined from the time-of-flight, because larger
particles move slower in the airflow. The particle number concentration is measured
optically (Sorensen et al., 2011).
To get the number accurately, the overall particle counting efficiency of the APS
can be determined with the following equation
ηoverall = ηaηtηd, (2)
where ηa is sample aspiration, ηt is transmission and ηd is detection efficiency (Baron
et al., 2011). All efficiencies are functions of particle diameter (Volckens and Peters,
2005). Volckens and Peters (2005) measured the counting efficiencies for the APS
3321 instrument version and obtained the following results: 85 − 99 % for solid
particles, decreasing from 74 % at 0.8 µm to 26 % at 10µm for liquid droplets.
4.1.2 Mobility Particle Sizers
The smaller particles in an aerosol size distribution can be measured with a Differ-
ential Mobility Particle Sizer (DMPS). The range of measured particle diameters is
typically from 3 nanometers to 1 micron. A DMPS consists of a Differential Mobility
Analyzer (DMA), which separates the particles of certain size from the sample, and
15
Figure 6. Aerosol particle flow in APS (Volckens and Peters, 2005). Particles enter the instrument through the
outer inlet at a flow rate of 5 l min−1. The flow is then separated into two: 1 l min−1 flows through the inner inlet,
4 l min−1 is directed through a filter. Aerosol particles flow through the inner tube and come out from the inner
nozzle. The cleaned sheath flow and the aerosol flow are then recombined to give a total flow of 5 l min−1, which
is directed through the acceleration nozzle to the optical counter.
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a Condensation Particle Counter (CPC), which counts the number concentration of
the particles (Fissan et al., 1983; Ten Brink et al., 1983).
Schematics of a DMA is shown in figure 7. The DMA separates aerosol particles
by their electrical mobility (Flagan, 1998). A charged particle in an electric field will
migrate at a velocity determined by the balance between the electrostatic force and
the aerodynamic drag resisting the motion (Flagan, 2011). The electrical mobility
Zp of the particle depends on the geometric size and charge of the particle. The
particle mobility in a DMA can be calculated from
Zp = − K2pir1E1L, (3)
where r1 is the radius of the collection rod, E1 is the electric field at the collector
rod surface, K is the collection rod voltage and L is the DMA length (Wang and
Flagan, 1990). In DMPS, particles with certain mobilities are transmitted through
the sample extraction slot and their number concentration is measured once the
signal has a steady value (Wang and Flagan, 1990). The measurement is then
repeated with a new collection rod voltage. Thus the particle mobility distribution
is measured by changing the voltage and measuring the concentration continuously.
When we know the particle mobility, the particle size can be calculated from
Dp =
ieCc(Dp)
3piµZp
, (4)
where i is the number of unit charges on the particle, e is the unit of charge, Cc(Dp)
is the slip correction factor which depends on the particle size, µ is the gas viscosity
and Zp is the particle mobility (Wang and Flagan, 1990).
In DMPS, the number of particles is typically measured with a CPC. In the
CPC, butanol is condensed on the surface of the particles (Cheng, 2011), because
it is optically easier to detect larger particles. This can be done after the particle
size has been measured; and it doesn’t change the particle number concentration.
Particles are directed to a saturator which is heated and saturated with butanol.
Aerosol particles are then directed to a condenser where the sample flow is cooled.
Butanol starts to condense on the surface of the particles and the size of the aerosol
17
Figure 7. A schematic of the structure of cylindrical DMA with particle trajectories (Flagan, 2001). R1 is the
radius of inner cylinder, R2 is the radius of outer cylinder and L is the length of DMA. The trajectories of particles
with correct, too high and low electrical mobilities are illustrated in figure. The DMA consists of two cylinders.
Aerosols enter the DMA through a hole in the outer cylinder and are directed towards the inner cylinder because
of the electric field. The sheath flow separates the particles from the inner cylinder. Particles move forward in the
sheath flow and only particles with certain electrical mobility can enter a slot between the inner cylinder and the
other cylinder and continuing on to the CPC to be detected.
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particles is increased.
The principle of the Scanning Mobility Particle Sizer (SMPS) is similar to DMPS
except that the DMA electric field changes continuously with time (Wang and Fla-
gan, 1990), rather than stepwise as in the DMPS.
4.1.3 Sun Photometer
A sun photometer measures the spectral irradiance from the sun and sky at 8-9
wavelengths (340 nm, 380 nm, 440 nm, 500 nm, 675 nm, 870 nm, 1020 nm, 1640
nm) depending on the model and manufacturer. The instrument uses a sun tracker
to follow the sun, and makes other scans at operative times to obtain sky radiance.
Retrievals include AOD, and through inversion other aerosol properties such as size
distribution and phase function.
A sun photometer measures the amount of dimming of sunlight as it passes
through the atmosphere. The measurement technique gives an index describing the
column-integrated amount of aerosol particle in the air above the measurement site
(Shaw, 1983). The principle of the measurement is based on the Beer-Lambert-
Bouguer law:
Vλ = V0λd2exp(τλm)ty, (5)
where V is digital voltage, V0 is extraterrestrial voltage, d is ratio of the average to
the actual Earth-Sun distance, τλ is total optical depth, m is optical air mass and
ty is the transmission of absorbing gases (Holben et al., 1998). The sun photometer
measures a voltage V which is proportional to the spectral irradiance I reaching the
surface (Aerosol Optical Depth). When calculating the aerosol optical depth we must
consider Rayleigh scattering by air molecules and wavelength-depended scattering
by different gases in the atmosphere. An aerosol optical depth τλa, or AOD, can be
calculated from
τλa = τλ − τλR − τλO3 , (6)
where τλ is total optical depth, τλR is the Rayleigh optical depth and τλO3 is the
ozone optical depth (King and Byrne, 1976).
The aerosol particles are dried when measuring with the APS, DMPS or SMPS,
whereas the sun photometer measures particles in ambient atmospheric conditions
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prevailing humidity. The relative humidity of the air has an increasing effect on the
AOD, because water vapor condenses on aerosol particle surfaces and consequently
grows the particle size. The amount of swelling for a given change in relative hu-
midity depends on the aerosol particle size and chemistry; different particles grow at
different rates. When the particles in the atmosphere are larger, less solar radiation
reaches the ground.
4.2 Measurements
The models of the aerosol measurement instruments were as following: SMPS TSI
3938, APS TSI 3321 and the DMPS was self-made with a CPC TSI 3772. The SMPS
and APS measured at 5 minutes and the DMPS at 12 minutes time resolution. The
aerosol measurements were obtained during 2004-2008 and 2014-2015. The APS
and SMPS measured during 2004-2008 and the DMPS during 2014-2015.
The SMPS data was interpolated so that the bin sizes were the same as in the
DMPS data. This allowed the merging of SMPS and DMPS data for analyzing the
size distributions during different seasons. Care had be taken when performing the
interpolation, and values in the bins at either end of the size distribution were set
to NaN and not included in the data analysis.
In this study we used AOD data from the Aerosol Robotic Network (AERONET)
site at MCO-Hanimaadhoo (N 06o46’33", E 73o10’58"). AERONET is an inter-
national network of globally-distributed sun photometers providing automated re-
trievals of AOD and other parameters (Pérez et al., 2006). There are three different
levels of data: level 1.0, 1.5 and 2.0. The level 2.0 data is completely processed
whereas the level 1.0 is the raw data. In this study we decided to use the level 1.5
data, because it is processed to some extent and the amount of data is greater than
in level 2.0. The data is from years 2004-2015.
The meteorological parameters were measured with a Cambell weather station
originally installed for the Indian Ocean Experiment (INDOEX). The data was from
years 2004-2008 and from 2013 until the end of April in 2015. The time resolution
was 1 hour during 2004-2008 and during 2013-2015 there were daily values of the
parameters. There were some data gaps in all measurement data, so the data is
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mainly used by averaging it for each day of year to cover one whole year.
For the MJO index we used the index defined by Wheeler and Hendon (2004);
data provided by N. Klingaman (personal communication). For the monsoon index
we used the Wang and Fan (1999) index. The monsoon index data was obtained
from the University of Hawaii.
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5 Results and Discussion
The aim of this study was to investigate the connections between aerosol particle
properties and monsoon, MJO and meteorological parameters in the tropics using
in-situ measurements.
5.1 Definition of the Seasons
As shown in section 2, the length of the monsoon season varies from year to year.
When looking at the seasonal variability of different parameters we need to define
the seasons. The beginning and ending of the seasons can’t be specified exactly, but
a rough estimation can be done. The monsoon index defined in section 2 describes
the global monsoon circulation. Nevertheless, there are differences between the
seasons when considering the seasons locally. In this study the length of different
seasons in the Maldives was estimated by looking at the wind direction and median of
precipitation during individual months and using the information from the Maldives
Meteorological Service. The results have been also compared to articles where the
seasons have been defined (Raman and Ramanathan, 2006; Satheesh and Srinivasan,
2002; Vinoj and Satheesh, 2003; Eck et al., 2001). The monsoon season begins
earlier and lasts longer in the Maldives than in India, and the concluded seasons
were as following: the dry season from January to March, the pre-monsoon season
from April to mid-May, the monsoon season from mid-May to November and the
post-monsoon season is December.
The wind direction and the amount of precipitation changes significantly between
seasons as shown in figure 8. During the dry season (a,b) the wind is blowing from
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 8. Wind direction and precipitation for the four seasons: (a) and (b) dry season, (c) and (d) pre-monsoon
season, (e) and (f) monsoon season and (g) and (h) post-monsoon season. On the left hand side are the wind
speeds and directions and on the right hand side are the figures of precipitations. In the wind rose figures the circles
with percentage values describe the amount of data which has that certain value. The colours describe wind speed
(m s−1) and the coloured sectors point to the direction where wind blows. In the figures on the left hand side
y-axis is the amount of rainfall (mm) and in the x-axis is the day of season. The wind data is from 2004-2008 and
2013-2015. The rainfall data is from 2004-2014 and the medians of rainfall for each day of year were calculated.
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Table 1. Meteorological parameters during different seasons. The values are medians of the parameters.
Parameter Dry Pre-monsoon Monsoon Post-monsoon
Pressure (hPa) 1010.1 1008.5 1008.8 1009.2
Temperature (oC) 27.9 29.5 28.2 27.7
Relative humidity (%) 76.6 76.0 79.4 76.4
Wind speed (m s−1) 2.3 2.2 3.6 2.4
Wind direction (o) 85.3 285.6 274.3 90.7
Precipitation (mm) 0 0 0.65 0
the northeast and there is very little precipitation. The winds bring polluted air to
the site from over India. As the season is turning from dry to pre-monsoon (c,d) the
winds start to turn towards the west and the precipitation is still quite low. During
the monsoon season (c,f) the winds are now westerly bringing humid air from over
the ocean and the precipitation is high. When shifting to the post-monsoon season
(g,h) the winds turn towards the northeast and the precipitation amount decreases.
The measurement site is very close (6.78oN, 73.18oE) to the equator and the
surface temperature varies little during the year. From table 1 we can see that the
temperature is the highest during the pre-monsoon season. As expected the relative
humidity is the highest during the monsoon season, around 79%, and around 76%
on the other seasons. The wind speed is slightly higher during the monsoon season
but overall the winds are light throughout the year.
5.2 Aerosols
5.2.1 Size Distribution and Concentration
Figure 9 presents the aerosol size distributions measured with SMPS and DMPS
during different seasons. When looking at the particle number concentrations we
can see that the concentration is smallest during the monsoon season because of wet
deposition removing particles from the atmosphere and suppression of secondary
sources. In the monsoon season when the winds bring marine air the distribution is
also clearly double-peaked (c): there is a minimum between around 65 nm (Aitken
mode) and 210 nm (accumulation mode). This shape of size distribution was found
by Hoppel et al. (1990) when measuring background distribution in the remote
Atlantic hence called the Hoppel minimum and was also seen by Porter and Clarke
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(1997) in the Pacific. The clear double-peaked size distribution disappears when
continental air comes during the dry season at MCOH.
There are two modes present during the pre-monsoon and post-monsoon seasons.
One mode is centred at 100 nm (Aitken mode) and other is around 210 nm (accumu-
lation mode). During pre-monsoon season the peak around 100 nm is weaker than
the peak around 210 nm and vice versa during post-monsoon season. One expla-
nation is that after the wet season the production of secondary particles starts, so
there is more small particles. When particles are larger, the particle sink increases
because of coagulation and the Aitken mode number decreases. The concentration
is much higher during post-monsoon season. It is hard to say was it just one case or
is it usually that high in December because of lack of data from that time period.
More measurements needs to be done relating to it.
The total number concentration measured with SMPS and DMPS was calculated
by integrating over the size distribution. Daily averages were then calculated. The
median of total number concentration during dry season was around 670 cm−3,
pre-monsoon 660 cm−3, monsoon 240 cm−3 and post-monsoon around 2050 cm−3.
The total number concentration of particles was also measured by Ramanathan
et al., 2001 who observed 250 cm−3 in southern Indian Ocean and 1500 cm−3 in
polluted northern Indian Ocean during INDOEX from December to April. The
number concentration in the southern Indian ocean is similar to that measured in
the Maldives during the monsoon season. Also because the size distribution has a
similar modal shape as measured in the marine environment, it indicates, besides
winds and trajectories, that there is marine air passing over the Maldives during the
monsoon season.
The size distributions of the larger particles in the coarse mode for different
seasons are shown in figure 10. These measurements were obtained with APS, but
the first size bin is not included in the analysis. There is no lower limit for the
first size bin, and particles with diameters smaller than 0.5 µm are counted only
optically, consequently causing unreasonable number concentration values and high
uncertainty. A separate coarse mode with a clear maximum is more visible during
the dry and monsoon seasons than for other seasons. Similar to small particles, the
larger particle concentration is also highest during the post-monsoon season.
25
(a) All seasons
(b) Dry season
(c) Monsoon season
Figure 9. The size distributions of small particles during all seasons (a), dry season (b) and monsoon season (c).
In the y-axis is the number concentration dN/d log(dp) and in the x-axis is the particle diameter in nanometers. In
figure (a) we can see that the number concentration of small aerosols is highest during post-monsoon season.
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Figure 10. Coarse particle size distribution for different seasons.
The number concentrations of larger particles during different seasons were 11 cm−3
during dry season, 8 cm−3 during pre-monsoon, 6 cm−3 during monsoon and 18 cm−3
during post-monsoon season.
The mass concentrations of small and large particles were calculated by assum-
ing that the aerosol is spherical. Using a density of 1500 kg m−3 we obtain the
mass concentrations shown in table 2. The mass concentration of small particles
decreases during the monsoon season with the mass concentration of larger parti-
cles slightly increasing. It indicates that despite the wet deposition, primary coarse
mode source is high in marine air masses. The post-monsoon season shows high
mass concentrations for both large and small particles.
5.2.2 Aerosol Correlation with Meteorological Parameters
In this section we investigate the connections between different aerosol properties
and meteorological parameters. We consider the number concentration of fine par-
Table 2. Mass concentrations (µg m−3) of fine and large particles during each seasons. The concentration of fine
particles decreases during the monsoon season and the concentration of large particles increases slightly.
Season Fine particles (µg m−3) Large particles (µg m−3)
Dry 3.9 17.2
Pre-monsoon 3.4 14.2
Monsoon 0.8 17.4
Post-monsoon 14.8 27.7
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ticles, the mass concentration of large particles and the AOD. These variables are
compared with wind speed, wind direction, relative humidity and precipitation.
Figure 11 shows the relationship between the number concentration of fine par-
ticles and the wind speed for data from 2004-2008. There is a small negative cor-
relation between these variables; when the wind speed is higher, i.e. during the
monsoon season, the number concentration is lower and vice versa. This result was
also found by Bhawar and Devara (2010), who stated that high wind speeds are asso-
ciated with the removal of aerosols. They used measurements during pre-monsoon,
post-monsoon and winter seasons in 2001 and 2002. Much more clear is that there
are less fine aerosols during the monsoon season which can be attributed to because
of the wind direction, precipitation and cloudiness. During the dry season, winds
blow from the Indian subcontinent bringing more fine aerosol particles to Maldives
as clearly shown in figure 12.
Another important aerosol property is the mass concentration, which can be
calculated from the number concentration by assuming spherical aerosols with a
fixed density. The mass concentration is dominated by the large particles, because
the fine particles are so small that they don’t have significant mass. So, in this
data analysis the mass concentrations are only calculated from the large particles
measured with APS.
Figure 13 presents the mass concentration (µg m−3) measured with APS versus
wind speed (m s−1) for data from 2004-2008. The connection between the mass
concentration and the wind speed is not as clear as that seen between the number
concentration and the wind speed in Figure 11.
There is no significant difference between the mass concentration of large par-
ticles during the monsoon season when the winds blow from the westerly direction
and during the dry season when the winds blow from the easterly direction as we
can see in figure 14. There are different trajectories along which the air is moving
during the dry season (see figure 1). At times the trajectories pass over the Bay
of Bengal (Lelieveld et al., 2001; Granat et al., 2010) gaining large sea-salt particle
before arriving to Maldives. The timescale for producing aerosols from marine salt is
obviously much quicker, because the mass concentration is nearly the same whether
the air has traveled a long distance over the ocean or a shorter route when coming
28
Figure 11. Number concentration (cm−3) of fine aerosol particles measured with SMPS versus wind speed (m s−1)
during years 2004-2008. The data points are coloured by the monsoon index. Red and yellow colours represent the
positive and blueish colours the negative monsoon index. The positive index means that the monsoon season is
ongoing and the negative index indicates the dry seasons. All values are daily medians.
Figure 12. The number concentration (cm−3) of fine aerosol particles measured with SMPS and DMPS and wind
direction during years 2004-2008 and 2014-2015. The colours represent the number concentration and the direction
of coloured sections indicates the wind direction. The highest number concentrations of fine particles are during the
dry season when winds blow from the northeast.
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Figure 13. Mass concentration (µg m−3) of the large aerosol particles measured with APS versus wind speed
(m s−1) during 2004-2008. The data points are coloured with the monsoon index. Red and yellow colours represent
the positive and blueish colours the negative monsoon index. The positive index means that the monsoon season
is ongoing and the negative index indicates the dry season. All values are daily medians. A few data points with
mass concentration < 1 µg m−3 are classed as outliers and not shown.
Figure 14. Mass concentration (µg m−3) of large aerosol particles measured with APS versus wind direction during
2004-2008. The colours represent the mass concentration and the direction of coloured sections indicates the wind
direction.
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directly from the Indian subcontinent to the Maldives. This indicates that the winds
only need a short time over the ocean to produce large particles. Other possibility
is that a fraction of dry season coarse particles comes from anthropogenic sources
from India.
So far we have concentrated on the aerosols at the surface, next we consider
the amount of aerosols in an air column. Figure 15 shows the AOD versus wind
speed. As in the previous figures the colours indicate the monsoon index. There
are some data points with higher AOD values during monsoon season, but it is very
difficult to measure AOD during rainy periods because of clouds. There is also a
lot of variability. The magnitude of AOD mainly range from 0.2-0.6 during the
monsoon and dry seasons. When focusing on the major part of the data points we
can see some deviation; during the dry season the wind speed is lighter and the
magnitude of AOD is in the same levels as during the monsoon season with higher
wind speeds. Since AOD responds to the cross-sectional area, a small number of
large particles during the monsoon season can have the same AOD as large number
of small particles during the dry season. AOD depends on vertical profile, but
since boundary layer close to equator has very little seasonal variability, surface
measurements are representative and in agreement with AOD.
Figure 16 shows the connection between AOD and wind direction, and seems
that the highest AOD values are measured when the winds are coming from the
westerly direction. However, a final conclusion concerning this must investigate the
uncertainties relating to AOD measurements in precipitation periods as mentioned
earlier.
Humid marine air increases the aerosol particle size due to condensation of wa-
ter vapor onto the aerosol. This process depends on the particle diameter, chemical
composition and on the relative humidity of the ambient air (Weingartner et al.,
1995). Figure 17 displays the number concentration of fine particles (a), mass con-
centration of large particles (b) and AOD (c), with respect to the relative humidity
of the ambient air. The instruments obtaining aerosol concentrations are measuring
dry particles. So, it is expected that there is no correlation between the number
concentration and the relative humidity, as can be seen from figure 17 (a). The fig-
ure shows that the number concentration of fine particles is significantly decreased
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Figure 15. AOD measured with the sun photometer versus wind speed (m s−1) during 2004-2008 and 2013. The
data points are coloured with the monsoon index. Red and yellow colours represent the positive and blueish colours
the negative monsoon index. The positive index means that the monsoon season is ongoing and the negative index
indicates the dry season. All values are daily medians. During the monsoon season there were some AOD values
higher than 1 which were not included in the analysis as these were likely to be cloud.
Figure 16. AOD measured with the sun photometer versus wind direction during 2004-2008 and 2013-2015. The
colours represent the AOD values and the direction of coloured sections indicates the wind direction.
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during the monsoon season and that there is no similarity between the time series of
number concentration and relative humidity. Figure 17 (b) shows some occasional
correlation between the mass concentration of large particles and ambient relative
humidity, as times, when both variables decrease at the same time. This could be
explained as the water vapor condenses to the surfaces of aerosol particles and the
particles are washed out from the atmosphere by wet deposition.
AOD describes the optical depth of aerosols within an air column, and it is often
assumed that the aerosol number concentration is the main parameter responsible.
But, the relative humidity also has an effect on AOD, through hygroscopic growth,
especially at relative humidities close to 100%. Figure 17 (c) shows AOD and relative
humidity during the whole year. It is difficult to measure the AOD during the
monsoon season because of the clouds, so the data is very noisy during that time.
There were also some AOD values greater than 1, which were not included in the
analysis. It can be seen that the relative humidity at the surface is slightly increased
during the monsoon season, but the AOD also depends on the relative humidity
throughout the column; the relative humidity generally increases with height in
the boundary layer. Because there were many outliers and unrealistic values of
AOD during the monsoon season, the variables are plotted also in figure 18 without
the monsoon season data. There is a very small negative correlation between the
variables, which means that when relative humidity is decreasing, AOD is increasing
and vice versa. Water vapor tends to condensate on the particle surface depending
on how hygroscopic the particle is, and consequently grows the particle size, which
then increases the AOD.
In figure 19 different aerosol properties are plotted versus precipitation. The
amount of data used in the figure depends on the aerosol parameter, because there
wasn’t much data available, and we wanted to maximize the amount of data in
the analysis. In figures (a) and (b) the data is from 2005-2008 and in figure (c)
from 2005-2015. Also the data chosen for analysis is only from the dates when
there are data from both variables. That is why there is some differences in the
amount of precipitation between figures. Figure (a) shows that there is no significant
connection between the number concentration of fine particle and rainfall. In figure
(b) can be seen the cleaning effect of the precipitation: after the rain the mass
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(a)
(b)
(c)
Figure 17. Number concentration of fine particles (a), mass concentration of large particles (b) and AOD (c) plotted
with relative humidity. In figure (a) the data is from 2004-2008 and 2014-2015, in figure (b) from 2004-2008 and in
figure (c) from 2004-2008 and 2013-2015. On the left-hand side y-axis is the aerosol parameter, on the right-hand
side y-axis is the relative humidity and on the x-axis is the day of year. All values are daily medians.
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Figure 18. Correlation between AOD and relative humidity. The data is from 2004-2008 and 2013-2015, and the
monsoon season is not included to the analysis. The red line presents the linear fit between the data points.
concentration is decreased. In figure (c) the effect of clouds on AOD measurements
comes out as noisy data.
5.3 Monsoon and Madden-Julian Oscillation
In this section we investigate how the monsoon and Madden-Julian oscillation indices
vary during the year and how aerosol properties and meteorological parameters are
changing compared to the indices.
In this study we used the Wang and Fan index for the Indian monsoon. A
positive index value indicates that the monsoon season is active and the negative
index value indicates the dry season. In figure 20 (a) are the averages of AOD
and monsoon index during 2004-2013. The values are daily medians. In figure 20
(b) are the averages of relative humidity and monsoon index, and the data is from
2004-2008 and 2013. From the figure we can see the annual distribution of monsoon
index: as expected, during summer the index is positive and during winter it is
negative. Clear connection between the AOD and monsoon index can not be found,
but it can be said from figure (a) that when the monsoon index is positive there are
strong peaks in the AOD data. The relative humidity is slightly increased during
the monsoon season as we can see from figure (b).
The Madden-Julian oscillation is considered to be active when the amplitude
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(a)
(b)
(c)
Figure 19. Number concentration of fine particles (a), mass concentration of large particles (b) and AOD plotted
versus precipitation (mm). The data is from 2005-2008 in figures (a) and (b) and from 2005-2015 in figure (c). On
the left-hand side y-axis is the aerosol parameter and on the right-hand side y-axis is the precipitation. On the
x-axis is the day of year. All values are daily medians.
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(a)
(b)
Figure 20. AOD (a) and relative humidity (b) versus monsoon index during a year. On the left-hand side y-axis is
the AOD in figure (a) and the relative humidity in figure (b). On the right-hand side y-axis is the monsoon index.
On the x-axis is the day of year. The data is from 2004-2013 in figure (a) and from 2004-2008 and 2013 in figure
(b). Only the dates, when there is data available for both variables, are included in the analysis. The values are
daily medians.
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Table 3. Meteorological parameters and aerosol properties when there were maximums and minimums at the same
time in both the monsoon index and Madden-Julian oscillation index. The maximums and minimums of indices
were located by plotting the indices in the same figure. The values during maximums of indices were calculated as
medians from the data of time period 20.-30.9.2006. The values during the minimums of indices were calculated
as medians from the data of time periods 28.1.-2.2.2005, 6.-12.3.2006 and 25.2.-1.3.2008. In parenthesis after the
concentrations is defined are the particles in question fine or coarse particles.
Parameter Maximums Minimums
Wind speed (m s−1) 2.8 2.0
Wind direction (o) 253.2 113.3
Humidity (%) 75.8 75.1
Rainfall (mm) 0.6 0.0
Number conc. (fine) (cm−3) 28.8 801.9
Mass conc. (fine) (µg m−3) 0.2 3.1
Number conc. (large) (cm−3) 6.6 9.0
Mass conc. (large) (µg m−3) 24.4 16.7
AOD 0.26 0.20
of oscillation is greater than 1. The maximum of indices is the time period when
the monsoon index is highly positive and the MJO index is greater than 1. The
minimum of indices is the time period when the monsoon index is negative and
the MJO index below 1. The monsoon and Madden-Julian oscillation indices were
plotted in the same figure and the maxima and minima of indices were located. The
time periods when there were the minimums of indices were as following: 28.1.-
2.2.2005, 6.-12.3.2006 and 25.2.-1.3.2008. The lack of aerosol data was restricting
the possible dates that could be used to consider the maximums of indices, so the
only period was 20.-30.9.2006. The average values of meteorological parameters
and aerosol properties were calculated for the above-mentioned time periods and
are listed in table 3. There is a small increase in the wind speed and relative
humidity when both indices are at their maximums. The number concentration of
fine particles is much higher when the indices are at their minimums. It is interesting
to see that when there is a maximum of indices, the number concentration of the
large particles is lower, but the mass concentration is higher than during a minimum
of indices. This clearly indicates that there are more particles of larger size when
both the monsoon and Madden-Julian oscillation are ongoing.
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6 Summary
The potential effect of aerosols on the weather in the tropics is unclear. Some
modeling studies suggest that anthropogenic aerosols will cause dimming of solar
radiation leading to weakened latitudinal temperature gradients and consequently
a decrease in the monsoon rainfall (Ramanathan et al., 2005). On the other hand,
Lau et al. (2006) suggested that the monsoon rainfall would be enhanced by aerosols
because of the "elevated heat pump". As a conclusion, it is important to know how
the aerosol properties change during different weather phenomena, because they
affect the energy budget of the Earth via interaction with radiation and thus to
weather.
There were aerosol measurements in Maldives during 2004-2008 and 2014-2015.
The number of small particles was measured with SMPS and DMPS and the number
of larger particles was measured with APS. In this study we analyzed the results of
the measurements and compared aerosol number and mass concentrations as well
as aerosol optical depth with different meteorological parameters, including wind
speed and direction, relative humidity and precipitation. Both the wind direction
and precipitation amount change between seasons. From the aerosol size distribu-
tion it could be seen that, during the dry season, anthropogenic fine particles were
transported from over the Indian subcontinent to the Maldives. During the monsoon
season the Hoppel minimum was seen in the aerosol size distribution which indicates
that marine air, consisting of natural aerosols, was passing over the Maldives. The
post-monsoon season was interesting because of the very high aerosol particle con-
centrations, but, because there wasn’t much data available for this short period, it
is difficult to make any definite conclusions. It is obvious that more measurements
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needs to be done to verify these results.
When comparing the aerosol properties with meteorological parameters there
was a small negative correlation between the number concentration of fine particles
and wind speed, but not so clear correlation between the mass concentration of large
particles or AOD and wind speed. The effects of the monsoon and Madden-Julian
oscillation on aerosols and meteorological parameters were also studied. It could be
observed that when both phenomena were active, there were less aerosol particles in
the atmosphere, but the size of aerosol particles was much larger. It could be also
concluded that AOD is not the best aerosol property to measure in tropics because
of rainy seasons.
In this study we investigated the connection between the aerosol properties and
meteorological parameters. The effects of the meteorological parameters on aerosol
properties were analysed. To verify the modeling results about the effect of the
aerosols on monsoon rainfall and on other weather phenomena, more long-term
measurements needs to be done.
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